Abstract. Advanced nonlinear analysis in light rail transit (LRT) structures has been undertaken to examine the influence of seismic isolation devices for reducing seismic demand. The study employed the use of two types of commercially available bearings, namely lead rubber bearing (LRB) and friction pendulum system (FPS). Six LRT structures, designed to be built in Surabaya, were modelled using computer-aided software SAP2000, where each of the three structures consisted of three types of LRB and FPS placed onto the pier cap to support the horizontal upper-structural member. Nonlinear static pushover and dynamic time history analysis with seven improved ground motion data was performed to gain improved insights on the behavioural response of LRT structures, allowing one to fully understand the supremacy of seismic isolations for protecting the structure against seismic actions. It is shown that both devices manage to isolate seismic forces, resulting in alleviation of excessive base shear occurring at the column. In addition, it is noticeable that the overall responses of LRB and FPS shows marginal discrepancies, suggesting both devices are interchangeable to be used for LRT-like structures.
Introduction
Base isolation systems haves been broadly known as one of the pioneering advancements in structural engineering with the aim at protecting structures against earthquakes, allowing to reduce seismic demand and thereby maintaining structural integrity under significant seismic events [1] [2] [3] [4] [5] . The fundamental concept of base isolation systems is that it would be conceivable to extend the natural period of a structure as a means of providing additional damping and energy dissipation, thus preventing the structure to undergo severe damage under a major earthquake [6] . Over the last decades, elastomeric bearing systems have been successfully introduced in infrastructure projects and consequently, they have been used to support bridge structures with a flexible mount [7] . Furthermore, the systems applied have also been initially brought forward for its use in buildings. Recently, over 100 dwellings in Europe and Australia have been built with rubber bearings with the purpose to specifically isolate the structures from vertical vibrations caused by underground machines. It has also proven to provide good performance for more than 40 years after construction, particularly for the structures that used thicker bearings as additional flexibility and the period shift could be achieved [8] .
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Friction pendulum system and (b) lead rubber bearing [12] To date, there are two types of sliding bearings which have been used in buildings and infrastructures. One type is flat sliding bearing that is used in combination with an elastomeric system, and another is pendulum bearing [9] . These bearings have unique properties and usability as they are made of different materials. In pendulum bearing, the triple friction pendulum (TFP) differs by a considerable extent to single friction pendulum system (FPS) where it is found in TFP that there are three friction pendulum mechanisms occurring in each bearing instead of just one. These mechanisms are being activated at different loading stages as the seismic demand gets stronger. On the other hand, the three mechanisms in FPS are achieved by using four concave surfaces, with sliding occurring on two of the surfaces at a given time [10] . In addition to the pendulum, lead rubber bearing (LRB) systems haves now been widely applied to construction projects across the globe. The system essentially works as an isolator which is designed using an elastomeric block, otherwise known as natural rubber or neoprene, reinforced with the metal bond. The device has one or more cylindrical lead cores [11] . The damping is resulted from the nature of the elastomeric mixture and lead cylinder, permitting to reduce acceleration and displacement through the distortion of the lead cylinder. Figure 1 presents the structural arrangements of the FPS and LRB devices.
Referring to the applicability of aforementioned bearing types, this current work provides an attempt to assess the seismic performance of LRT structures featured with two hybrid isolated devices (LRB and FPS). Nonlinear static pushover analysis is carried out to gain detailed insights with regard to the level of seismic performance of LRT structures under different types of the seismic isolation device. Additionally, further nonlinear dynamic time history analysis with artificially improved ground motions was undertaken to obtain the maximum lateral displacement. The feasibility of both seismic isolators is justified by analysis results.
Analytical model
As seen in Fig. 2 , the typical model of reinforced concrete LRT structure comprised of four numbers of bored piles with diameter and depth of 1m and 30m respectively, a 2-metrethick pile cap with cross-section of 5×5m, a bridge column with a height of 16 metres (pier) and rectangular cross-section of 2×2m, post-tensioned precast pier head, two custom-built precast U-shape girder developed and patented by SYSTRA Consulting Group [13] , and four bearings placed onto the pier head to support girders. The earthquake characteristics had peak ground acceleration (PGA) of 0.325g, mapped MCER, 5% damped, spectral response acceleration parameters at 0.2 (SS) and 1 (S1) second period, 0.50g and 0.25g respectively [16] . This data was put into SAP2000 to create a response spectrum chart which was based on the relationship of time (t) against pseudo acceleration (g). In addition, the data was also used to generate seven artificial time histories using scaling ground motion time history techniques as provided in the open source SMQKE software (see Fig. 3 ) [17] .
Four seismic isolators were modelled using 2-joint link element with the length similar to the thickness of actual devices. Link/support types used in the analysis were 'lead rubber bearing' and 'triple pendulum isolator' for LRB and FPS respectively. It should be noted that directional properties of this model play an important role in altering the structural response. In this work, vertical movement (U1) was restrained, while for other horizontal translations (U2 and U3), effective stiffness, stiffness, and yield strength were included in the simulation. However, it should be noted that the parameters were taken directly from the brochures (for clarity see Section 3 and 4). Prior iterative calculations were done using equations based on AASHTO LRFD [18] and NCHRP 20-7/Task 262(M2) [19] . These formulations are discussed in the next two sections.
Pushover analysis was performed using nonlinear static displacement control. Only the self-weight of the structure was considered in this simulation. The column tip was pushed up to one metre to foresee the nonlinear plateau of the structure and thereby allowing one to obtain the level of performance during plastic hinge mechanisms. Hinge property of the column and bored pile foundations were defined solely according to inherent momentcurvature of the column taking into consideration the interacting P-M2-M3.
The nonlinear dynamic analysis was performed using 'modal' time history type where the acceleration in the x and y-direction were defined using seven improved time history functions with a scale factor of one. The number of output time steps and output time step size were set properly so that the increments were found relatively small thereby giving smooth output in terms of hysteretic loops. 
Lead rubber bearing
The properties of three different LRBs referred to in this study is shown in Table 1 . Allowable bearing displacement was used herein as control of resulted displacement in the model. Stiffness and yield strength were used as nonlinear shear parameters. Formulations using iterative approach for obtaining the effective stiffness of bearing is expressed in Eq.
(1) to Eq. (8), where Eq. (8) was also re-used to create isolated response spectrum function as specified in [19] . For the significances of each variable present in the equations see the Notation section.
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Iteration was stopped when the ratio of 'assumed' displacement over iterated displacement equals to unity. The final effective stiffness was then inputted to link properties in SAP2000. 
Friction pendulum system
The material and section properties of three types of friction pendulum system are summarised in Table 2 . Preliminary calculations were necessary to define the effective geometry (see Fig. 4 Effective stiffness was analysed based on iteration approach, similar to lead rubber bearing. Equations (14) to (22) were originally specified in ASCE/SEI 7-10 and was explained in [20] . The analysis was terminated when the ratio of assumed displacement to calculated displacement equals to unity. The significance of the above equations is listed in the Notation section. 
Performance level
The performance level of structure featured with seismic isolator LRB and FPS is obtained from the intersecting point between base shear−lateral drift and spectral demand, an example of the result is seen in Fig. 5(a) , with detailed responses from all types of bearings, overlaid to each other in Fig. 5(b) . In terms of performance level point, structure with and without bearings are still within the range of intermediate occupancy−life safety (IO−SF). However, it is interesting to note that the influence of bearings provides the more ductile response as can be seen from the longer ductile plateau. Table 4 . Base shear and displacement of LRB Table 5 . Base shear and displacement of FPS Furthermore, from the nonlinear structural analysis as summarised in Table 3 and Table 4 , it is apparent that FPS-like bearing provides better performance where it is found that the base shear is 28% lower than the LRB-like bearing, suggesting the system denotes higher isolation and thus reducing the seismic forces at the column base. However, the responses for overall bearings demonstrate significant improvement when compared to rigid link structure (see Fig. 5(b) for comparative purposes). 
Plastic hinge mechanism
To gain insight into the formation of plastic hinge over the critical elements LRT structures and to ensure whether or not the onset of plastic hinge transpired firstly at column base, plastic hinge mechanisms are discussed herein. Figure 6 shows step-by-step plastic hinge formations of the column and bored piles. It is noticeable that the onset development of plastic hinge occurs at the base of the column and propagates toward the foundations, suggesting that foundations are much stronger than the column. It also satisfies to the general conception from seismic provisions that the response modification factor (R) of the column is modifiable according to seismic design category while in the foundation, R should be unity.
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Energy dissipation
Energy dissipation of the structural members is regarded as one of the fundamental structural capacities that determine their earthquake resistance [22] [23] [24] . In this current work, the improvement of energy dissipation controlled by seismic isolation system is inspected by the ratio of the structure without isolator (RL) and with isolators (FPS and LRB). According to Table 5 , it is apparent that both seismic isolation devices stipulate higher energy dissipation with average improvement over 15%. Additionally, it is interesting to note that, if compared, energy dissipation of FPS is somewhat greater than LRB, signifying that pendulum systems are rather pleasing. 
Bearing response
The relationship between time against displacement at bearing for all types of FPS and LRB devices along with rigid link (elastomer) structure is plotted in Fig. 7 . The result obtained indicates that structure with elastomer engenders frequent peak facet without significant displacement reduction over time. Whilst in structures with seismic isolation devices, peak facet is found to be relatively diverse with the displacement reduced over time, signifying that seismic isolators provide adequate damping on isolating seismic forces prior to transferring to the column and thereby leading to alleviation of base shear at the column. 
Conclusions
A comparative study in light rail transit structures featured with lead rubber bearing and friction pendulum system is presented. Nonlinear static and dynamic analysis have been performed to assess the performance of both seismic isolation systems. Based on the structural analysis presented, the following conclusions can be drawn: 1. The application of seismic bearings is found to be helpful in safeguarding the level of performance point of the structure within the range of IO-LS. 2. It is now understood that the use of pendulum bearings indeed provides more ductile response than that of lead rubber bearing. It can also be associated with higher energy dissipation maintained by pendulum bearings. 3. Design of LRT structure has proven to meet the general conception of an earthquakeresistant structure where the development of plastic hinge occurs initially at the column and propagate toward the first two metres of bored pile foundations. 4. It is found that pendulum bearings provides as better response in terms of isolating the seismic force, leading to a decrease of magnitude of base shear at the column base adjacent to the pile cap.
